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ABSTRACT Future Internet of Things (IoT) networks are expected to realize far-field wireless
power transfer (WPT) to mitigate the sensors’ dependence on batteries. Recently, simultaneous wireless
information and power transfer (SWIPT) has gained attention by utilizing RF signals for both information
as well as power transfer. In this paper, a novel N-tone multitone quadrature-amplitude-modulation
(QAM) transmission waveform carrying (N — 1) information symbols, is proposed for an integrated
information-energy receiver with a lower power consumption compared to conventional separated
information-energy receiver architectures. The multitone QAM signal is designed by exploiting the
non-linearity of the receiver-rectifier, and both amplitudes and phases are used for information transfer
offering an advantage of a higher degree of freedom to optimize WPT and wireless information transfer
(WIT) performances. It is shown that the power performance of the designed waveform varies with the
orientation of the symbol constellation. Two asymmetric QAM constellation designs, expanded symbol
constellation and compressed symbol constellation, are proposed to enhance WPT performance according to
the application-specific requirement, such as whether a higher level of minimum continuous power transfer
is critical or if a high-power transfer in short bursts is preferred for the SWIPT’s operation. It has been shown
that WPT and WIT performances can be enhanced according to the IoT node’s requirements by varying the
transmission probabilities of inner symbols and outer symbols of the QAM constellation.

INDEX TERMS Energy harvesting, Internet of Things, modulation technique, quadrature amplitude
modulation (QAM), signal design, simultaneous wireless information and power transfer (SWIPT),
waveform design, wireless power transfer (WPT).

I. INTRODUCTION
The applications of Internet of Things (IoT) with enhanced
sensing capabilities have been expanding to a diverse range
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of domains such as agriculture, smart cities, transporta-
tion, wearable devices, and homes [1]. The rapid surge
of IoT devices has raised the challenge of periodically
charging/replacing batteries. Far-field radio-frequency (RF)
wireless power transfer (WPT) offers a promising solution
for reducing the reliance of sensors on batteries [2].
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Simultaneous wireless information and power transfer
(SWIPT) integrates far-field WPT with wireless information
transfer (WIT) and provides an energy-efficient solution by
exploiting the same communication signal for power transfer
earlier used for data transfer solely [3], [4].

A vast amount of research on SWIPT has been performed
for a separated information-energy receiver architecture
where power transfer and information decoding are per-
formed independently by separate modules [5]. For this, the
received signal is split into two paths using power splitting,
time-switching, antenna switching, or frequency splitting [6],
[7], [8], [9], [10]. However, this independent WIT and WPT
processing provides a lower system integration between WIT
and WPT. Therefore, researchers introduced another category
of integrated information-energy receiver architecture where
diodes for rectification are used for power transfer as
well as for RF to baseband conversion for information
decoding [5]. This architecture offers the benefit of reducing
circuit complexity and power consumption at the SWIPT
receiver by removing the power-consuming mixing operation
for information decoding, making it more suitable for simple
ToT devices [3].

In the integrated SWIPT architecture, conventional com-
munication signals are not possible to be used for information
decoding after rectification through diodes. Therefore, new
communication signals need to be proposed for an integrated
reception of power and information at the rectifier output.
Research has been conducted to improve the rectifier’s power
conversion efficiency (PCE) [11], [12]. It has been shown
that due to the non-linearity introduced by the rectifier, the
rectifier output DC power is not only a function of received
signal power and rectenna design but also is a function of
the received signal’s shape [13], [14], [15]. High peak-to-
average-power ratio (PAPR) waveforms have been shown
to exploit this non-linearity to improve the harvested DC
power [16], [17].

A single-tone modulation signal for integrated archi-
tecture is introduced in [5], where information symbols
are transmitted with different energy levels through a
rectifier. Pulse-position modulation for integrated receivers
has been introduced in [15]. In [18] and [19], the authors
present methods which utilize multitone signals for higher
PAPR. Information symbols are transmitted by varying the
number of tones and frequency spacing between tones based
on the transmitted information, which results in varying
signal PAPR. A two-dimensional signaling scheme with
subcarrier number component and amplitude component is
introduced in [20], where information is transmitted in signal
PAPR variation due to varying numbers of subcarriers and
amplitudes of subcarriers.

An amplitude-based biased-ASK is introduced where a
minimum non-zero amplitude is transmitted to avoid periods
of zero energy harvesting [21]. A dual ASK scheme for
a double half-wave rectifier is proposed, having a higher
degree of freedom for signal amplitudes’ constellation range,
increasing the information rate [22]. Recently, a customized
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FIGURE 1. Integrated information-energy receiver rectifier for SWIPT.

on-off keying scheme for Terahertz imaging with simul-
taneous information and power transfer with the help of
an integrated receiver has been proposed in [23]. However,
a single-tone communication signal does not benefit the high
PAPR signals for improved energy harvesting. A modulation
technique that uses a multitone signal is introduced in [24]
where a model of embedding information in the ratios of the
amplitudes of the different tones is proposed rather than in
the amplitudes directly. Although it offers the advantage of
making the system less dependent on transmission distance,
the drawback of this technique is that it is not suitable for
more than a three-tone signal.

Amplitude variations impose a limit on achievable WPT
due to the presence of ripples in the output voltage that
degrade the WPT performance [21], [24]. Multitone FSK has
been introduced in [25] and [26] where information symbols
are transmitted through rectifier by varying frequency
spacings among tones, and a Fast Fourier transform (FFT) is
used for information decoding. A Multitone PSK modulation
technique is introduced in [27] where tones’s phases are used
for transmitting multiple symbols over a single multitone
transmission. It is shown that for Multitone PSK, the output
PCE does not vary much with information transmission as
was the case with amplitude-based schemes.

Although Multitone PSK offers the advantage of mini-
mizing the effect of information transfer over the SWIPT
system’s power performance compared to amplitude-based
schemes, amplitude-based schemes are beneficial in the case
of a noisy channel [28], [29], [30]. Till now, either the
multitone signal amplitudes or only the multitone signal
phases have been exploited for information transfer through
integrated receiver architecture. An ideal waveform for
a SWIPT system would entail minimal variations in the
envelope, with the stream of information symbols having an
approximately stable WPT while also having a good data
transfer rate. Therefore, a higher data rate can be achieved
by the simultaneous usage of both amplitudes and phases of
the multitone signal for information transfer.

This paper presents the design of a novel multitone quadra-
ture amplitude modulation (QAM) transmission scheme
utilizing multitone signal’s amplitudes, phases, and number
of tones for the integrated information-energy SWIPT
receiver architecture. Both amplitudes and phases of tones
are utilized for information transmission for a higher data
rate. Power transfer and data reception are performed
from the same rectified output signal. The impact of
QAM symbol constellation on the PAPR of the designed
multitone waveform is studied. Further, a redesign of QAM
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FIGURE 2. Four-tone multitone QAM RF signal frequency spectrum X (f)

centered around frequency fc = 2.45 GHz and rectified baseband output
spectrum Y (f) consisting of dc, IM frequency tones used for information
decoding (colored), and extra IM components (black).

symbol constellations for a more stable output PCE is
proposed to minimize the difference between the achievable
PCE of the rectifier for different transferred symbols.
In particular, asymmetric expanded QAM constellation and
asymmetric compressed QAM constellation are proposed
to allow trade-offs of application-specific demands such as
power demands, symbol error rate, and data rate. Further,
probabilities of transmission probabilities of inner symbols
and outer symbols can be varied to enhance the performance.

Multitone QAM offers the advantage of a higher degree of
freedom to optimize PCE, information rate, and symbol error
rate by utilizing amplitudes, phases, and number of tones. It is
possible to transmit (N — 1) symbols over a single stream of
an N-tone Multitone QAM signal resulting in an OFDM-type
communication with non-uniform frequency spacings for the
integrated information-energy receiver where RF to baseband
conversion is performed with a simple rectifier circuitry,
removing the need for a local oscillator at the receiver. It is
shown that due to the non-linearity of the rectifier, it is
important to redesign the QAM constellation according to the
application-specific requirements, such as such as whether a
higher level of minimum continuous power transfer is critical
or if a high-power transfer in short bursts is preferred for the
SWIPT’s operation.

This paper is organized as follows. Section Il introduces the
theoretical design of a multitone QAM signal and analyses
the effect of symbol constellation over the resulting PAPR
of the designed waveform. Next, section III-A discusses
the proposed redesigned asymmetric QAM constellations.
Then, the performance of the proposed multitone QAM signal
and proposed asymmetric QAM constellation designs are
analysed in Section IV. In the end, a conclusion is drawn in
Section V.

Il. SIGNAL MODEL

The integrated rectifier-receiver illustrated in Fig. 1 consist-
ing of an input matching network, rectifier diodes, and a
resistance-capacitance (RC)-low-pass filter (LPF) is utilized
for both WPT and WIT simultaneously. Multitone QAM
signal x(¢) is designed using an N-tone multitone signal and
modifying the tones’ amplitudes and phases according to
the transmitted QAM information symbols. x(¢) is designed
around the center frequency f. of 2.45 GHz. The received
signal x(¢) is passed through the rectifier, and subsequently,
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the baseband rectified signal output y(z) is used for both
power transfer and information decoding.

A. SIGNAL DESIGN

An N-tone reference signal r(#) with an average power of Pj,
is considered as

N
r(t) = Re IZ«/%J(Z’M] . (1)
n=1

(N — 1) information symbols are transmitted over an
N-tone multitone QAM signal. The N-tones multitone signal
with non-uniform frequency spacings is used to utilize the
non-linearity of the rectifier. QAM information is transmitted
in amplitudes and phases of the tones of the multitone
signal 7(¢). The transmitted multitone QAM signal x(¢) after
modifying the tones’ amplitudes and phases of r(¢) in (1)
according to the transmitted information, can be represented
as

2|83—11Pin
N8| max

x(t) = Re [z

where each n* tone of r(t) has been modified to include
the transmitted information symbol s,_1. ||« Trepresents
the maximum available magnitude among M information
symbols, i.e., |s N7k W" The first tone is considered constant,
with 5o being 1. In this way, (N — 1) symbols are transmitted
over a single multitone transmission. Information symbols s,
are selected from the available information set S of M QAM
symbols for the modulation order of M. The M information
symbols can be represented as

Sik = |sile®h, ¥ oik={1,2,--

2= 7 I j@afut+¢n )} )

MY (3)

Information is transmitted through the amplitudes and phases
of the tones of the multitone QAM signal as represented
in (2). (N — 1) information symbols are transmitted with a
single stream of N-tone multitone QAM signal. For each n™
tone, s,,—1 and ¢, of (2) are modified according to the chosen
transmitted information symbol s; x from set S of (3).

The spectra of the multitone QAM signal X(f) and the
rectified baseband output signal Y (f) are shown in Fig. 2.
The essence is a block of N tones with non-uniform
frequency spacing so that the intermodulation frequencies
of the different tones can be found at different frequencies.
N-tones multitone QAM signal is designed to carry (N — 1)
information symbols. The information is transmitted through
both the tones’ amplitudes and phases. The non-linearity of
the rectifier is utilized to extract the transmitted information
from the baseband signal y(¢) at the rectifier output. Due to
the non-linearity of the rectifier, an N-tone multitone signal,
after passing through the rectifier, produces a baseband signal
that includes intermodulation (IM) frequency components of
various orders, resulting from the mixing of the different
tones in the multitone QAM signal [31]. These IM frequency
components result in ripple voltage at the rectifier output in
addition to the required output DC.
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Although the presence of ripple voltage is not efficient
for wireless power transfer, these ripples can be used for
wireless information transfer and decoding through the same
rectifier-receiver, lowering the power consumption for signal
processing at the receiver. Therefore, the rectifier’s non-
linearity is exploited to bring the information down to the
baseband at the receiver. The signal is designed so that the
information resides in the intermodulation products present at
baseband frequencies in the output of the integrated rectifier-
receiver.

Among IM frequency components of various orders
produced at the rectifier output due to mixing among the tones
of the multitone QAM signal, the second-order intermodu-
lation (IM») frequency components dominate at the receiver
output compared to higher-order IM components [32]. The
second-order IM frequency components are the result of
mixing between two tones of a multitone QAM signal.
In our work, we encode information in a multitone QAM
signal in such a way that information at the rectifier output
would be extracted from the IM, frequency components
between consecutive frequency tones. For this, multitone
QAM signal tones’ frequencies are designed in such a way
that these desired IM» do not overlap with each other. Hence,
Algorithm 1 of [27] is used to design such an unequal-spaced
multitone signal.

The rectified baseband output y(z) consists of dc and
several intermodulation frequency components due to the
rectifier’s non-linearity. However, all the odd order 3" d order,
5% order, - - -, etc., intermodulation frequency components lie
in the GHz frequency range, and all the even order 4" order,
6" order, - - -, etc., intermodulation frequency components lie
in the baseband frequency range. All the odd-order intermod-
ulation frequency components are filtered out by the LPF,
and y(¢) consists of only dc and even-order intermodulation
frequency components. Therefore, as a result of LPF after
diodes at the output, y(¢) results in a baseband signal con-
sisting of only dc and intermodulation frequency components
in the MHz frequency range. Furthermore, second-order IM
frequency components dominate among these even-order
intermodulation frequency components [32].

For example, from (2), x(¢) for a three-tone signal can be
represented by

X0 = oot 2150WPin s fit + go)
N sl max
+ [ — 2ls11Pin cos2mfat + ¢1)
N|9|max
2[52|Pin
+ | ———cosrf3t + ¢2) 4)
N1s|max

The signal (4) after passing through the rectifier results
in rectified baseband signal y(¢#) consisting of dc and
three second-order IM frequency components among
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FIGURE 3. Symbol constellation for multitone QAM with modulation
order of M = 16.

tones as

y(t) o< dc + /solls1| ———— cosn (f2 — fi)t + 1 — ¢o)

NI |max
+ VIstlls2| =——— N| | cos(2r (f3 — f2)t + ¢2 — ¢1)
+ Vlsolls2| =——— N| | cos(2m (f3 — f1)t + ¢2 — do)

&)

Here, (N — 1) information symbols are considered to be
transmitted over an N-tone multitone signal. The first tone
/1 1s assumed to be transmitted with a constant amplitude
of +/2Piy/N and phase 0°, i.e., |so| 1 and ¢9 = 0°.
The multitone signal is designed in such a way that (N — 1)
intermodulation baseband tones as a result of consecutive
frequency tones would consist of (N —1) information symbols
at the rectifier output, i.e., (b —f1), (G —,2), -+, (fn —fv=1)
baseband tones amplitudes would carry the information as
shown in Fig. 2. A 4-tone multitone signal is depicted in Fig. 2
with the first tone having constant amplitude and phase, and
three information symbols from the available symbol set S
are transmitted over the other three tones of x(¢). SWIPT is
achieved at the output by both WIT and WPT from the same
rectified signal. The whole output baseband signal is utilized
for power transfer, whereas three information symbols are
decoded by analysing the three relevant baseband tones (f> —
f1), (fs — f2), and (fa — f3)” magnitudes and phases as shown
in Fig. 2.

To ensure that the (N — 1) desired baseband tones
at the rectifier output are distinct, the N-tone multitone
signal is designed so that the second-order intermodulation
IM, frequency components between consecutive tones do not
overlap. Specifically, the baseband tones (> —f1), (3 —f2), - - -
(fn —fv—1) should be distinct from one another and also these
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(N — 1) baseband tones should not coincide with any other
non-consecutive IM»s. Therefore, to make SWIPT feasible
with only a rectifier-receiver, the N-tone multitone signal
does not consist of equally spaced tones around the central
frequency of 2.45 GHz and needs to have unequal frequency
spacings between tones. We proposed an algorithm to design
this frequency spacing in [27]. Here, Algorithm 1 from [27]
is used to define the tone frequencies of the multitone QAM
signal.

QAM constellation for a modulation order of M = 16 is
shown in Fig. 3. M-ary QAM can be considered as a
combination of two ~/M-ary Pulse Amplitude Modulation
(PAM) with a quadrature phase difference between them [33].
Let b; denote the PAM constellation with +/M symbols
represented as

bi=—(M—-D+G—1D)YT=, Vi={1,2,---,VM).

VM
2
(6)

Then, the QAM symbols can be represented as a combination
of two PAM symbols constellations as

sik =bi+jbr, ¥ i k={1,2,---, VM) (]

resulting in M symbols and depicted in Fig. 3. Further,
QAM symbols are normalized with respect to the maximum
available magnitude of symbols |[s ;7 ;471 and can be
represented as

b + jb b + jb

S = = ,
U sl VB b
Voik={1,2,---,vM}. (8

After normalization, the maximum available magnitude
among M information symbols s ;7 ;7 would be 1 in all
symbol constellations. (N — 1) symbols in (2) are chosen from
the available normalized information symbol set (S) in (8)
consisting of M symbols sy 1, 51,2, - - -, \NTIE

B. PAPR ANALYSIS

In the proposed multitone QAM transmission scheme, the
reference multitone signal r(¢) is modified to multitone QAM
signal x(¢) by varying the tones’ amplitudes and phases as
in (2) to make the WIT possible in addition to WPT. The
resulting average power of the transmitted SWIPT signal,
Paye, after embedding information becomes lower than Py,
i.e., Payg < Pin. Therefore, itis important to analyze the effect
of WIT with QAM symbols on the WPT performance of the
SWIPT system. Here, PAPR is considered as a figure of merit
for evaluating WPT performance as high PAPR waveforms
resultin higher harvested energy [13]. For electronics systems
designed only for WPT, r(#) would achieve maximum PAPR
and the corresponding maximum PCE as no information is
being transmitted. However, it is necessary to compromise a
little with the WPT performance to design signals for SWIPT
systems for additional usage of resources. The channel is
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FIGURE 4. Rotated symbols constellations for QAM multitone for a
modulation order of M = 16 with a phase shift of 45°.

considered ideal, i.e., there is no signal distortion between
transmitter and receiver, and the performance of the designed
signal x(¢) is analysed.

PAPR for a signal x(¢) can be represented by

Ppeak i max{|x(t)|2}

PAPR = P =172 5 ,
avg ffr/zx ()dt

©))

where T denotes the time-period of waveform x(7). The peak
power of a multitone QAM signal in (2) can be represented
as

Ppeak
. 2Pin
- N
2
% 1+\/Icos¢l+--'+\/ECOS¢N—I
IS /a7./az] |s 3z, v
(10)

The average power of multitone QAM signal, Py, can be
represented as

P; s SN—
Pavg:ﬂ ¢+...+M NGS))
N |s iz, it |s 3z, vt

Therefore, from (9), (10), and (11), the PAPR for the
multitone QAM signal x(#) in terms of (N — 1) transmitted
symbols can be represented as

PAPR

2
_2‘1/|S\/A7,\/A7|+VIS1|COS¢1+-~~+v|SN—1|COS¢N—1
B Is a7 varl +Isil+s2l + -+ sy -1 '

12)
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FIGURE 5. Normalized symbols constellations for M = 16 QAM
(a) conventional and (b) with phase rotation of 45°.

The mean PAPR across the multitone signal streams with
QAM streams can be represented as

PAPR ey
2
2 |/isTar cos 1 + (Y1) M Vsl cos g

slmas + (2572) 2y I

It can be seen that the effect of symbol phases, in addition
to symbol magnitudes, also plays a role in determining the
signal PAPR. It is well known that multitone signals with
tones’ phases zero result in the highest PAPR [34]. Therefore,
symbol constellations can be modified to maximize the
multitone QAM signal PAPR. Fig. 4 illustrates a rotated
symbol constellation for the 16-QAM symbol in Fig. 3 such
that now, symbols with maximum magnitudes have zero
phases. The average symbol energy remains the same as
the rotation of symbols does not change the overall average

(13)
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FIGURE 6. Multitone QAM signal PAPR with conventional QAM symbols
constellation and the QAM symbols constellation rotated with 45°.

symbols energy [33]. Fig. 5(a) and Fig. 5(b) illustrate the
normalized 16-QAM constellation without and with phase
rotation, respectively.

Variation in PAPR of transmitted waveform x(¢) with
the number of tones N is illustrated in Fig. 6. It can
be seen that with the phase shifting of the symbols’
constellation, it is possible to achieve the maximum possible
PAPR of 2N for the transmission of symbols carrying the
highest energy. Therefore, by modifying only the phases of
the symbols constellation, PAPR improves. However, the
magnitudes of individual symbols remain the same. For
further improvement in signal PAPR and in-turn output PCE,
it is necessary to observe the effect of variations in symbols’
magnitudes.

IIl. ASYMMETRIC QAM CONSTELLATION

In SWIPT communication, WPT performance is reduced
because of the simultaneous WIT transfer. Due to information
transfer over the same signal for SWIPT, the overall average
power of the signal stream varies and the PCE at the output
is lower compared to the achievable PCE for the case of
a solely WPT. Therefore, it becomes important to look for
ways to maximize the output of PCE while simultaneously
transmitting information symbols.

Conventional QAM symbols constellation and the rotated
QAM constellation discussed in the previous section, are
symmetric in magnitude and do not consider the non-linearity
of the rectifier. Such symmetric symbol constellations do
not perform efficiently for power delivery at the rectifier
output due to the non-linearity of the rectifier. Therefore,
asymmetric QAM constellations need to be designed to
achieve maximum PCE while simultaneously having good
information detection at the rectifier output.

A. QAM CONSTELLATION REDESIGN
To design an asymmetric /M -PAM constellation Basym Vi

from a symmetric ~/M-PAM constellation B_7, a mul-
tiplication factor AB Vit is evaluated. Let B Vit be a

square M x +/M matrix having the symmetric ~/M-PAM
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FIGURE 7. (a) Modified expanded Multitone QAM symbols constellations
with «e < 1 (blue starred) and (b) Modified compressed Multitone QAM
symbols constellations with g¢ < 1 (blue starred) with respect to
conventional Multitone QAM symbols constellations (orange dots) for

M = 16.

constellation symbols from (6) and B /31 can be represented
as

by 0 0 -~ 0
0 b 0 - 0

B = 0 by 0 ag
0 0 0 - by

Let o and B be considered as parameters to convert the sym-
metric symbol constellation to an asymmetric constellation.
« is considered to redesign the M /4 inner constellation points
for QAM, i.e., 52,2, 52,3, 53,2, and s3 3 for M = 16 whereas
B is considered to redesign the remaining 3M /4 outer
constellation points to result in an overall asymmetric QAM
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symbol constellation. Let « /37 be a 5= x 1 column vector
consisting of the parameter « as

o
o
a\/A—l = . (15)
o
and B8 Vil be a “/4—1‘7 x 1 column vector consisting of the
parameter 8 as
B
B
B vii=1 - |- (16)
B

Then the v/M x 1 column vector AB Vi can be used for

designing asymmetric ~/M-PAM constellation and by (15)
and (16), can be defined as

B
AB 5= | |- (17)
Byt

From (14) and (17), the redesigned asymmetric ~/M-PAM
constellation can be obtained as

Basym,\/ﬁ_/l ZB\/II_/I X AB\/[I—/I (18)

Further, /M -PAM constellation in (18) can be used to design
asymmetric QAM symbol constellation.

B. EXPANDED MULTITONE QAM SYMBOLS
CONSTELLATIONS

o modifies the M /4 inner symbols and S modifies the
3M /4 outer symbols. In the case of the increased symbol
energy for outer symbols, B needs to be greater than 1.
For this, « would be lower than 1 considering the same
overall average symbol energy. The resulting modified
symbol constellation would be expanded compared to the
conventional QAM constellation. Here, all symbol phases are
considered the same as the conventional constellation without
redesign.

Let ae and B, be the modifying parameters for expanded
constellation symbols i.e., the increased maximum available
energy of the outer symbols. For o < 1, ¢ for a modified
symbol constellation with the same average symbol energy
can be represented as

p _4+2V5 4 e
34205

Fig. 7(a) illustrates a modified expanded constellation where
inner M /4 symbols are compressed and outer 3M /4 outer
symbols are expanded.

Multitone QAM symbol constellations with M = 16 for
different cases of e = 0.9, @ = 0.7, 2 = 0.5, and e =
0.3 using (17) and (18) are shown in Fig. 8. It can be seen

19)
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FIGURE 8. Multitone QAM expanded symbols constellations for (a) ce = 0.9, (b) xe = 0.7, (c) xe = 0.5,

and (d) ce = 0.3, for M = 16.

that as the «, is reduced S. increases. The amount with which
the inner symbols are compressed is higher than the amount
with which outer symbols are expanded as M /4 symbols
compression is balanced by the expansion of 3M /4 symbols
for the same average symbol constellation energy.

C. COMPRESSED MULTITONE QAM SYMBOLS
CONSTELLATIONS

If the minimum available symbol energy is increased, the
outer symbols’ energy would be decreased for the same
average symbol energy of the constellation, resulting in
an overall compressed symbol constellation. Let B; be the
compression factor for outer 3M /4 symbols, then o be the
factor for inner M /4 symbols can be represented by

ae = 4 +2v5) — 2+ V5)8.. (20)

Fig. 7(b) illustrates a modified compressed constellation
where inner M /4 symbols are expanded, i.e., minimum
symbol magnitude increased and outer 3M /4 symbols are
compressed, i.e., maximum available symbol magnitude
decreased. As the outer symbols are compressed, resulting
in the expanded inner symbols for the same average symbol
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constellation energy, there must be a compression limit so
that the inner symbols’ magnitudes do not replace the outer
symbols and the limit over . can be represented as
Q¢

3 < Be = 1. 2D

Multitone QAM symbol constellations with M = 16 for
different cases of B = 0.88, 8. = 0.9, 8. = 0.92,
and B. = 0.96 using (17) and (18) are shown in Fig. 9.
It can be seen that as the B is reduced, «. increases
resulting in a higher minimum available symbol energy.
As 3M /4 outer symbols compression is balanced by the
expansion of M /4 inner symbols for the same average symbol
constellation energy, inner symbols energy increases with a
larger amount compared to the decrease in the outer symbol
energy and can be observed by Fig. 9(d) for . = 0.88.

IV. PERFORMANCE ANALYSIS OF MULTITONE QAM

Utilization of the same RF signal for information transfer,
in addition to the power transfer, somewhat reduces the
transferred power at the rectifier output. However, it offers
an additional benefit of transferring the data as well as
power simultaneously. Here, power conversion efficiency is
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FIGURE 9. Multitone QAM compressed symbols constellations for (a) fc = 0.96, (b) fc = 0.92,

(c) Bc = 0.9, and (d) Bc = 0.88, for M = 16.

considered a metric for measuring the WPT performance
of the designed Multitone QAM signal. Performance of
the designed Multitone QAM signal is evaluated over
an information-energy rectifier receiver model depicted in
Fig. 1. The rectifier model is implemented in Keysight ADS
and was experimentally validated by measurements in the
paper [27].

The rectifier-receiver model consists of the input matching
network with stubs and an input capacitance of 0.1 pF, two
Skyworks SMS7630-079LF Schottky diodes, and an RC-LPF
with an output capacitance of 0.1 pF and output load of
Ripad = 4.4 k2. For SWIPT, the rectifier-receiver model
needs to be designed from both wireless power transfer and
wireless information transfer perspectives. The rectifier is
required to have maximum PCE over a large bandwidth
to make the transmission of multitone signal with a large
number of tones feasible for an increased throughput for
wireless information transfer performance of the SWIPT
system. Here, the rectifier is designed to maximize PCE
over a large matched bandwidth of around 100 MHz. This
is achieved by optimizing PCE and reflection coefficient
with the help of stub lengths, input capacitance, and output
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load Rjoaq. Also, LPF is designed to filter out fundamental
tones and all the harmonics while simultaneously having
a sufficiently large bandwidth to pass the second-order
baseband intermodulation frequency components IM3s used
for information decoding at the receiver. Load resistance
is selected according to this, and it is considered to be a
fixed value. WIT performance deteriorates if the LPF cutoff
frequency is selected too narrow as now, relevant baseband
tones carrying information would suffer attenuation.

Multitone QAM tone frequencies are selected as asym-
metrically spaced tones as discussed in [27]. For example,
tone frequencies for a 6-tone Multitone QAM signal centered
around 2.45 GHz results in 2.440 GHz, 2.441 GHz, 2.443
GHz, 2.447 GHz, 2.452 GHz, and 2.460 GHz with a Greatest
commom divisor, GCD = 1 MHz from Algorithm 1 of [27].
The PCE at the rectifier output from Fig. 1 in terms of
rectified signal DC power yq. of y(¢), output load Rjoag of RC-
LPF, and resulting average power Py, of transmitted signal
can be represented by

[yde |2/R10ad

avg

PCE = x 100. 22)
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All multitone QAM results are obtained with the help
of Keysight ADS rectifier receiver model and MATLAB.
The multitone QAM signal is designed to have a bandwidth
smaller than the RF matching bandwidth of the rectifier-
receiver model. In this transmission scheme, (N — 1)
information symbols are transmitted over a single N-tone
multitone signal. Therefore, throughput can be represented
as

(N—1) xlog,M
Toam

Throughput = , (23)
where Tgawm is the time period of the Multitone QAM signal.
Here, the effect of transmission distance on transmission
efficiency has not been considered. The focus of the work
has been the proposal of a Multitone QAM transmission
scheme for SWIPT where both wireless power transfer and
wireless information transfer are performed on the same
rectified signal through the integrated information-energy
rectifier receiver. To evaluate the over-the-air performance of
the proposed scheme with distance, the effect of the channel
would require to be considered. This can be investigated in
future work for further performance evaluation. Accordingly,
appropriate coding schemes can be utilized for performance
enhancement.

Fig. 10 illustrates the output PCE variation with the average
input power Pj, for two cases: when the 6-tone multitone
signal is solely used for power transfer and when the 16-
QAM 6-tone multitone signal is used to carry the information
data with a transmission rate of 20 Mbps in addition to power
transfer simultaneously. The transmission rate of 20 Mbps is
evaluated from (23) for N = 6, M = 16, and GCD = 1 MHz
resulting in Toam = 1usec. The performance is evaluated
for 350 multitone streams, i.e., 1750 information symbols,
i.e., 7000 bits. For low-input power levels, the signal’s power
conversion efficiency is quite low as the signal is not able
to cross the diode’s threshold voltage. Subsequently, PCE
further increases with increasing input power levels and starts
decreasing after a certain input power level (in our case
Pin = 0 dBm). The output PCE performance is input power
dependent, but the aim is to use the rectifier in the most
optimal input power range to maximize PCE. Our modulated
Multitone QAM waveform brings an additional degree of
freedom to tailor PCE and BER. Multitone QAM allows the
tuning of PCE and information rate as a function of the input
power level to help overcome this fundamental limitation
of WPT. For example, for low input powers, it is possible
to select a waveform by varying different parameters that
improve PCE more compared to the information transfer rate.

It can be seen that the maximum achievable PCE
has been reduced for the Multitone QAM SWIPT signal
compared to the obtained PCE for the RF signal for
WPT transfer only. Therefore, the simultaneous flow of
information over the multitone signal results in a slightly
lower power efficiency, resulting in a trade-off between WPT
performance and WIT performance for the overall SWIPT
performance of the signal. The attainable output PCE is
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FIGURE 10. PCE for a 6-tone multitone signal without information data
and with a 16-QAM simultaneous information flow with a transmission
rate of 20 Mbps varying with average input power P;,.

affected by the transmitted information symbols magnitudes
variations of different tones of the multitone signal. For
M-QAM information transfer, M information symbols have
different magnitudes. Consequently, the average power of
the transmitted Multitone QAM signal depends upon the
transmitted information symbols. The WPT performance of
the system would be higher when the outer 3M /4 information
symbols with higher magnitudes are transmitted compared
to the cases where the inner M /4 information symbols
are transmitted. Therefore, it is necessary to minimize the
difference between the achievable PCE of the rectifier for
different transferred symbols. For this, a redesigning of
QAM symbol constellations for a more stable output PCE is
required, as discussed in Section III.

Fig. 11 shows the achievable PCE for a 6-tone multitone
signal at P, = 0 dBm when the outer 3M /4 information
symbols are transmitted using asymmetric expanded 16-
QAM symbol constellation with a transmission rate of
20 Mbps as discussed in Section III-B. It can be seen that
a PCE of a maximum of 37.7% can be achieved when no
information is being transmitted over the RF multitone signal.
This maximum possible efficiency of the rectifier depends
upon the designed rectifier circuitry and may further be
increased with an improved structure. With the transmission
of the outer 3M /4 symbols of the conventional symmetric
QAM symbols constellation, a maximum of 35.9% PCE
can be achieved. This attainable power efficiency for the
outer 3M /4 higher magnitudes can be increased by the
asymmetric expanded 16-QAM symbol constellation of
Fig. 7(a). In Fig. 11, it can be seen that PCE performance
for outer symbols increases with the reduction in «e. The
reason for this is the increased possible higher magnitudes
for 3M /4 symbols with the reduction in «.. It can also
be observed that with decreasing «e, obtained PCE can be
higher compared to the case of multitone signal r(¢) where
no information is transmitted. This is due to the increased
magnitude of outer symbols as o, decreases.
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FIGURE 11. PCE comparison for a 6-tone multitone signal with no
information flow, using conventional QAM, and the asymmetric expanded

QAM symbols constellations for outer symbols with M = 16 with a
transmission rate of 20 Mbps and average input power P;, = 0 dBm.

Similarly, Fig. 12 illustrates a comparison of achievable
PCE for a 6-tone multitone signal at P, = 0 dBm
where the inner M /4 information symbols are transmitted
using 16-QAM asymmetric symbol constellation with a
transmission rate of 20 Mbps. It can be seen that WPT
performance reduces from 37.7% to 15.31% when the inner
information symbols of the conventional symmetric QAM
symbol constellation of Fig. 5(a) are transmitted. The usage
of asymmetric QAM constellation further reduces the WPT
performance for the inner M /4 symbols as transmitted
magnitudes reduce with the reduced o and are maximum
when o = 1, i.e., for conventional QAM. Therefore,
SWIPT system performance can be improved with the
help of expanded symbols constellations when the outer
3M /4 symbols having larger magnitudes have a higher
probability of transmission compared to the M /4 inner
symbols. From the WIT perspective, as o, reduces, the
probability of detection error for the inner M /4 symbols
decreases due to the lower distance between inner symbols
as shown in Fig. 8(c). However, for the outer 3M /4 symbols,
the probability of error reduces with the reduction in o,
because of the increased distance between outer symbols.
For the case of a very low «,, increased detection error for
inner symbols can be compensated with additional support
vector machine (SVM) data classification and detection
techniques [35].

Further, Fig. 13 compares the PCE performance of a
6-tone multitone QAM signal with a transmission rate of
20 Mbps using asymmetric compressed 16-QAM constel-
lation (depicted in Fig. 7(b)) with conventional symmetric
QAM constellation, and with no information flow at
Pin = 0 dBm. It can be seen that PCE performance for
outer 3M /4 symbols reduces slightly with the reduction
in compression parameter fB; and is maximum fB; =
1 for the conventional QAM constellation, i.e., from
36% for conventional 16-QAM to 32.4% for compressed
16-QAM for B, = 0.88. However, PCE performance for
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FIGURE 12. PCE comparison for a 6-tone multitone signal with no
information flow, using conventional QAM, and the asymmetric expanded
QAM symbols constellations for inner symbols with M = 16 with a
transmission rate of 20 Mbps and average input power P;, = 0 dBm.

inner M /4 symbols improves to around 24.5% for . = 0.88
compared to 15.31% for the conventional QAM as shown in
Fig. 14. Therefore, for the case of the asymmetric compressed
constellation, minimum power transfer using a multitone
QAM signal can be increased with a small compromise
in terms of maximal achievable PCE. B, maybe selected
close to the lowest possible values represented by (21)
for the applications where minimum transferred power is
of main concern. In such a case, WIT performance may
get worse as symbols are now very close to each other,
as shown in Fig. 9(d). Additional SVM-based classification
and detection techniques can be utilized to improve the WIT
performance [35].

From the WIT perspective, as «, reduces, the probability
of detection error for the inner M /4 symbols decreases
due to the lower distance between inner symbols as shown
in Fig. 8(c). However, for the outer 3M /4 symbols, the
probability of error reduces with the reduction in «, because
of the increased distance between outer symbols. For the case
of a very low «,, increased detection error for inner symbols
can be compensated with additional detection techniques
such as support vector machine (SVM) detection. Therefore,
the impact of information transfer on PCE can be reduced by
using the asymmetric symbol constellation at the cost of a
higher symbol error rate.

Further, an optimum value of o, or B. can be selected
depending on the probabilities of the transmission of the
inner and outer symbols and depending upon the desired
SWIPT performance. Till now, QAM constellations consist
of symbols having equal probability. To observe the utiliza-
tion of e and B., a non-uniform probability distribution
among inner and outer symbols is considered. Let inner
M /4 symbols have the probability of occurrence Pr(sinner)-
Then, the outer 3M /4 symbols probability Pr(soueer) can be
calculated as

4 — MPr(Sinper)

M (24)

Pr(souter) =
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FIGURE 13. PCE comparison for a 6-tone multitone signal with no
information flow, using conventional QAM, and the asymmetric
compressed QAM symbols constellations for outer symbols with

M = 16 with a transmission rate of 20 Mbps and average input power
Pin =0dBm.
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FIGURE 14. PCE comparison for a 6-tone multitone signal with no
information flow, using conventional QAM, and the asymmetric
compressed QAM symbols constellations for inner symbols with

M = 16 with a transmission rate of 20 Mbps and average input power
Pin =0dBm.

Fig. 15 illustrates the variation in the output PCE for 6-tone
multitone QAM signal with the expanded QAM symbols as
well as for the compressed QAM for unequal probabilities
between inner and outer symbols. It can also be seen that
the minimum level of power transfer can be increased by
the usage of compressed QAM symbols. For example, S, =
0.92 performs better than o = 0.7 when inner symbols
probability Pr(sinner) = p is also significant. Further, it can
be observed that the maximum possible power transfer can
be increased by the use of the expanded symbol constellation,
i.e., «e = 0.7 performs better than the case of . = 0.92 for
the maximum possible power transfer.

Expanded asymmetric constellation provides enhanced
WIT performance compared to compressed asymmetric
constellations due to the increased distance between the
symbols in the former case. Therefore, a compromise over
system WPT performance is made with a multitone QAM
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FIGURE 15. PCE comparison for a 6-tone multitone signal with 16-QAM

expanded constellation (xe = 0.7) and compressed constellation
(Bc = 0.92) for Pr(sjpner) = p for a transmission rate of 20 Mbps.

signal. However, it provides an additional benefit of infor-
mation transmission using the same resources. An expanded
or compressed information symbols constellation can be
utilized according to a desired WPT and WIT performance.

For different application demands, different transmission
scenarios under these asymmetric constellations can be
selected. For example, it is possible to have an output PCE
close to the maximum possible PCE of the rectifier for
the outer 3M /4 symbols with the help of an expanded
symbol constellation which improves the information rate
or number of bits per symbol (Fig. 11), i.e., it is possible
to achieve maximum PCE while simultaneously transferring
a data rate of 20 Mbps for a 6-tone multitone signal,
but this is only possible with low symbol error rate at
very high received signal powers. Asymmetric compressed
QAM symbol constellation helps to increase the minimum
transferred power level with the same data rate of 20 Mbps
for a 6-tone multitone signal (Fig. 14) but would result in
a higher symbol error rate. Therefore, the trade-off between
the symbol error rate, modulation order (data rate), and
power demands can be utilized according to the application’s
specific demands.

Furthermore, probabilities of symbol transmission (inner
M /4 symbols and outer 3M /4 symbols) can be varied
to enhance the performance. Parameters can be selected
based on the IoT device’s operating conditions, such as
whether consistent minimum power transfer is critical or
if a high-power transfer in short bursts is preferred for the
SWIPT’s operation.

V. CONCLUSION

In this paper, a novel Multitone QAM transmission scheme
utilizing multitone signal’s amplitudes, phases, and number
of tones for the integrated information-energy SWIPT archi-
tecture has been proposed. Both amplitudes and phases of
tones of the multitone signal are utilized for the information
encoding, resulting in a higher data rate. Multiple symbols
are transmitted simultaneously over a single stream of
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N-tone multitone QAM signal, resulting in an OFDM-type
communication with non-uniform frequency spacings. The
effect of orientation of the QAM symbol constellation has
been analyzed over the PAPR of the designed waveform. Fur-
ther, varying magnitudes of the QAM symbols constellation
have been shown to affect WPT performance significantly.
Two asymmetric QAM constellation designs, expanded
symbol constellation and compressed symbol constellation,
are proposed are proposed to allow trade-offs of application-
specific demands such as power demands, symbol error
rate, and data rate. Further, probabilities of transmission
probabilities of inner symbols and outer symbols can be
varied to enhance the performance.

For frequency selective channels and under multipath
fading scenarios, phase distortion would occur, and different
tones would undergo different attenuation. In the future, the
effect of the channel over WPT and WIT performances needs
to be studied more on the designed SWIPT waveforms and
further optimize according to the channel conditions. Practi-
cally, WSNs consist of heterogeneous networks where each
of the sensor nodes is operating for various applications and
has different energy and information demands. Therefore,
transmission waveforms need to be optimized according to
the specific applications, and multimode receivers can be
utilized in practical SWIPT systems.
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